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Lessons learnedInitially, the number of trials increased, then leveled off several years ago and dropped dramatically in 2018.Many of the doses of cells being delivered may not be maximally effective because they are too low or high in some trials.It is important to test for efficacy as well as safety in early trials. Significance statementThe significance of this study is that critical numbers of cells may need to be used for the most effective stem cell therapies. The results suggest a range of minimally effective cell doses for intravenous injection, which is the method used in almost half of all therapies. Increasing doses are usually tested for safety, and the highest tolerated dose is often used in a clinical trial. Studies need to measure initial efficacy along with safety to use the most effective doses rather than the safest doses tolerated, which might be an overdose. Too many or few cells are not optimal.

1. INTRODUCTION {#sct312610-sec-0004}
===============

Mesenchymal stem/stromal cells (MSCs) have gained great interest as new medical treatments. Clinical development of MSC therapies is based on extensive studies in animal models for human disorders and diseases demonstrating improved outcomes.[1](#sct312610-bib-0001){ref-type="ref"}, [2](#sct312610-bib-0002){ref-type="ref"}, [3](#sct312610-bib-0003){ref-type="ref"}, [4](#sct312610-bib-0004){ref-type="ref"}, [5](#sct312610-bib-0005){ref-type="ref"} MSCs act by three major classes of mechanisms (a) differentiation into specific types of cell lineages and integration into tissues, which have applications for regenerative medicine, (b) secretion of factors including cytokines and exosomes that promote cell survival and growth, and that modulate inflammation, and (c) direct MSC contact with host cells to modulate functions of effector cells.[6](#sct312610-bib-0006){ref-type="ref"}, [7](#sct312610-bib-0007){ref-type="ref"} Efficacy of MSCs in the clinic has been demonstrated for Graft vs Host Disease[8](#sct312610-bib-0008){ref-type="ref"} and anal fistula in Crohn\'s disease,[9](#sct312610-bib-0009){ref-type="ref"} which is believed to involve one or both of the latter two mechanisms modulating inflammation. However, the roles of MSC differentiation and long‐term integration in vivo have not been elucidated, and the relative contributions of these mechanisms for improving outcomes remain unclear.[6](#sct312610-bib-0006){ref-type="ref"}, [10](#sct312610-bib-0010){ref-type="ref"}

The first[11](#sct312610-bib-0011){ref-type="ref"} and most widely used source of MSCs in clinical trials is bone marrow (BM).[6](#sct312610-bib-0006){ref-type="ref"} MSCs are isolated by adherence to plastic dishes, are capable of differentiating into osteocytes, chondrocytes, and adipocytes, express the surface proteins CD105, CD73, and CD90, and lack CD45, CD34, CD14, CD19, and HLA class II.[12](#sct312610-bib-0012){ref-type="ref"} The next two most widely used sources of MSCs are adipose tissue and umbilical cord (UC), and combined with BM, these three sources account for the vast majority of clinical trials.[6](#sct312610-bib-0006){ref-type="ref"}, [8](#sct312610-bib-0008){ref-type="ref"} Hundreds of trials indicate that MSC therapy is safe[13](#sct312610-bib-0013){ref-type="ref"} but progress in clinical development has been slow.[8](#sct312610-bib-0008){ref-type="ref"} Unfortunately, the hope and hype of stem cell therapy has fostered an industry of unregulated "stem cell tourism" with poorly characterized cells and methods that have resulted in deleterious outcomes in some cases.[14](#sct312610-bib-0014){ref-type="ref"}

Major factors that make comparisons among different trials difficult and may slow translation of MSCs to the clinic include heterogeneity among MSCs from different sources, use of different cell preparation protocols, and different passage numbers.[8](#sct312610-bib-0008){ref-type="ref"}, [15](#sct312610-bib-0015){ref-type="ref"} Some of this variability will be minimized by adoption of standards for characterization of MSCs using reference materials.[12](#sct312610-bib-0012){ref-type="ref"}, [16](#sct312610-bib-0016){ref-type="ref"} Standardization of cells by individual companies that conduct multiple trials should improve reproducibility and comparability with similar MSCs among their different trials. However, companies often do not provide complete information regarding their cells to protect their intellectual property, which complicates comparisons among trials using different MSCs.

Studies using <http://clinicaltrials.gov> have reported quantitative data on the number of trials over time, for various indications, at different phases, using different cells and in different countries.[6](#sct312610-bib-0006){ref-type="ref"}, [17](#sct312610-bib-0017){ref-type="ref"}, [18](#sct312610-bib-0018){ref-type="ref"}, [19](#sct312610-bib-0019){ref-type="ref"} We conducted this study to generate a current database of clinical trials and results reported, and to analyze the routes of administration and the doses used for MSC, which has not been done previously. Analysis of this unique database indicated a range of minimal effective doses (MEDs), as well as non, or less, effective lower and higher doses, suggesting that it may be critical to perform dose‐response studies for efficacy before proceeding to large clinical trials.

2. MATERIALS AND METHODS {#sct312610-sec-0005}
========================

2.1. Analysis of data from <http://www.ClinicalTrials.gov> {#sct312610-sec-0006}
----------------------------------------------------------

Data were extracted on 19 March 2019, from <http://www.clinicaltrials.gov> using the term "mesenchymal" for trials registered through 2018 and downloaded into an XML file yielding 1073 trials. The data include the NCT number (identifier for each trial), title of trial, recruitment status, sponsor, clinical phase, country of origin and registration date. We then manually extracted from individual trial records additional information on disease, cell source, match (autologous vs allogenic), route of administration and dose, which could not be downloaded directly from <http://clinicaltrials.gov>. Data for all of these categories were not found in many cases but was collected when possible, thus different numbers of trials were included for each parameter that was analyzed. Trials that did not use MSCs for therapy (eg, mesenchymal tumors) were excluded. We divided clinical trials into 14 groups by disease classification and the remainder was designated as other. The sources of MSCs were often found in <http://clinicaltrials.gov> in "Interventions" but in some cases it was not clear. The listing for sponsor in <http://clinicaltrials.gov> was the hospital, medical center, or company. However, not all trials conducted by companies, including Allocure, Anterogen, Apceth, Athersys, Corestem, Mesoblast, Pharmicell, Pluristem, SanBio, and Tigenix were detected with the search term "mesenchymal" because they refer to their own cells by their proprietary cell names. Therefore, company names were used to search for additional trials using MSCs, which we included in our database. For example, we included Multipotent Adult Progenitor Cells (MAPCs called Multistem, Athersys)[20](#sct312610-bib-0020){ref-type="ref"} and (MPCs, eg, MSC‐100‐IV, Mesoblast)[21](#sct312610-bib-0021){ref-type="ref"} derived from BM based on publications describing MSC‐like properties of these cells. Using a broad definition of MSCs our database includes 914 trials. All trials involving companies were tagged for analysis.

Multiple routes of MSC administration were found and were classified into eight groups for injections into blood---Intravenous (IV) and Intra‐arterial (IA); into cerebrospinal fluid or CNS tissue---Intra‐thecal (IT); and into tissues---Intra‐Cardiac (IC), Intra‐Articular (IAT), Intra‐Muscular (IM), and Intra‐osseous (IO); and implant for cells incorporated into a matrix or an implanted device; the remaining routes, which were indicated \<10 times, were designated as other. Doses in <http://clinicaltrials.gov> are not reported systematically and were found either as the total numbers of cells/patient or the number of cells/kg, in which case they were normalized using an adult weight of 70 kg to compare doses among trials. In trials with delivery of multiple doses, each dose was included separately in the calculation of doses.

2.2. Statistics {#sct312610-sec-0007}
---------------

Nonparametric tests were performed because MSC dose does not follow a normal distribution. A Kruskal‐Wallis ANOVA, Dunn\'s post hoc Test (Graph‐Pad Prism) was used to compare doses between different modes of delivery. Because the Intra‐Venous group has a much larger sample size, it was randomly subsampled for equal sample sizes (MathWorks MATLAB).

3. RESULTS {#sct312610-sec-0008}
==========

3.1. MSC clinical trials recorded at <http://clinicaltrials.gov> {#sct312610-sec-0009}
----------------------------------------------------------------

We downloaded directly from <http://clinicaltrials.gov> into Microsoft Excel MSC trial information that included the NCT number (identifier for each trial), title of the trial, recruitment status, sponsor, clinical phase, country of origin, and registration date. Additional data that could not be downloaded, including the sources of MSC, disease, route of administration and dose, were extracted from individual trial records. To our knowledge, this is the first systematic analysis of MSC dosing in clinical trials (Supplemental Table [S1](#sct312610-supitem-0001){ref-type="supplementary-material"}).

The total number of newly registered trials increased linearly in each year from 2007 to 2012, and more than quadrupled during this period (Figure [1](#sct312610-fig-0001){ref-type="fig"}A). The rate of increase in new trial listings slowed thereafter and dropped dramatically in 2018. When newly registered trials are divided by phase, the number of new phase 2 trials increased through 2011, after which they appear to have plateaued (Figure [1](#sct312610-fig-0001){ref-type="fig"}B). Given that phase 2 trials is the largest group, it is the main factor responsible for the slowing trend in numbers of new trials (Figure [1](#sct312610-fig-0001){ref-type="fig"}A). Phase 1 trials increased slowly but steadily through 2013, jumped in the next three years and decreased after 2016. The number of phase 3 trials increased transiently in 2012‐2014 to a peak of \~12% of all trials reported but only accounted for \~6% of all trials since 2015. The largest number of trials in <http://ClinicalTrials.gov> are being sponsored by organizations in the US and China (Supplemental Figure [S1](#sct312610-supitem-0002){ref-type="supplementary-material"}).

![Number of new mesenchymal stem cell (MSC) clinical trials registered in each year at <http://ClinicalTrials.gov> divided by clinical phase (A). B, Data in (A) represented in a graph of the 3 phases plotted separately](SCT3-9-17-g001){#sct312610-fig-0001}

3.2. Sources of MSCs for clinical trials {#sct312610-sec-0010}
----------------------------------------

We searched for sources of MSCs in <http://clinicaltrials.gov> but in 11% of trials the source was not indicated, and those were excluded from this analysis. BM aspirates from the pelvis has been and continues to be the most frequently used source of MSC for clinical trials (Figure [2](#sct312610-fig-0002){ref-type="fig"}). UC is the second most common source of MSCs used in clinical trials with their numbers being modestly higher than trials using MSCs derived from adult adipose tissue by liposuction. Adipose‐derived MSCs, which are called by various names including adipose‐derived mesenchymal stem cell (ADSC),[22](#sct312610-bib-0022){ref-type="ref"} adipose‐derived adult stem cells (ASCs),[23](#sct312610-bib-0023){ref-type="ref"} adipose‐derived mesenchymal stem cells (ADMSCs),[24](#sct312610-bib-0024){ref-type="ref"} and human adipose‐derived MSCs (hASCs)[25](#sct312610-bib-0025){ref-type="ref"} have been combined in the group called adipose. Placental MSCs are fourth, representing \<2% of all trials. Various other sources have been combined in a group called other. In each of these groups except placenta, the largest proportion of trials was reported to be in phase 2 (Figure [2](#sct312610-fig-0002){ref-type="fig"}). There are similar numbers of allogenic and autologous MSCs trials up until 2015, but thereafter more trials used allogenic than autologous MSC (Figure [2](#sct312610-fig-0002){ref-type="fig"}B). This trend may reflect an increasing number of trials using allogenic MSC from cell banks established by companies.

![Number of trials using MSCs from different sources divided by phase. A, UC and placenta derived MSC are only allogenic. Autologous MSC were derived mainly from BM and adipose tissue with small numbers from other sources including dental pulp, gingiva, oral mucosa, perinatal tissue, peripheral blood, skin, menstrual blood, and stromal vascular fraction designated as other. B, Number of new MSC autologous and allogenic trials in each year. BM, bone marrow; MSC, mesenchymal stem cell; UC, umbilical cord](SCT3-9-17-g002){#sct312610-fig-0002}

3.3. Involvement of companies in MSC clinical trials {#sct312610-sec-0011}
----------------------------------------------------

Company involvement usually was found under the listing for sponsor, but in many cases only the hospital or medical center performing the trial was noted. Therefore, we checked each trial record to extract information to identify the use of proprietary cells, which was found in 24% of all trials. For each of the four major sources of MSC noted above, the fractions using proprietary MSC from BM, UC, adipose, and placenta were 25%, 17%, 32%, and 64%, respectively (Figure [3](#sct312610-fig-0003){ref-type="fig"}A). Seven trials using placental‐derived MSCs are listed for Pluristem, which should enable comparisons among these trials that are using the same or similar types of cells, thereby reducing variability. A total of 82 companies have listings for MSCs in <http://clinicaltrials.gov> (Supplemental Figure [S2](#sct312610-supitem-0003){ref-type="supplementary-material"}) and three of these, Mesoblast, Anterogen, and Medipost, account for 30% of all company trials using MSCs primarily from BM, adipose tissue, and UC, respectively. However, more than half of all trials are single trials by one company (Supplemental Figure [S2](#sct312610-supitem-0003){ref-type="supplementary-material"}). This introduces unknown variability among the MSCs used in different trials, given that proprietary methods for production of each of these cells are rarely published in sufficient detail to compare them. The number of new trials with any company involvement (32% of all trials) increased in each year through 2012 (Figure [3](#sct312610-fig-0003){ref-type="fig"}B) and appeared to have plateaued thereafter, showing a trend similar to the phase 2 trials (Figure [1](#sct312610-fig-0001){ref-type="fig"}B). In 2018, only 18 new company trials were reported, which is a dramatic drop from the 40 in 2017 (Figure [3](#sct312610-fig-0003){ref-type="fig"}B).

![Number of clinical trials using proprietary MSC and involving companies. A, Graph of number of new trials using proprietary (blue) and non‐proprietary (white) MSC shown for four major sources. Small number of additional trials using MSC from dental pulp, oral mucosa, menstrual blood, and stromal vascular fraction have been included in the category called other. B, Number of new trials recorded in each year conducted by, or sponsored by, companies with all sources of MSCs. BM, bone marrow; MSC, mesenchymal stem cell; UC, umbilical cord](SCT3-9-17-g003){#sct312610-fig-0003}

3.4. MSC applications in disease and injuries {#sct312610-sec-0012}
---------------------------------------------

The diseases being treated with MSCs extracted from sections labeled "Condition" in the <http://ClinicalTrials.gov> records were classified into 14 groups (Figure [4](#sct312610-fig-0004){ref-type="fig"}). "Neurological" is the largest group including 29 trials for spinal cord injury, 25 for multiple sclerosis, 20 for amyotrophic lateral sclerosis (ALS), 22 for stroke (Supplemental Table [S2](#sct312610-supitem-0001){ref-type="supplementary-material"}), 10 for Alzheimer\'s Disease, 5 for traumatic brain injury, 5 for Parkinson\'s Disease, and 4 for retinal degeneration, which account for 78% of all neurological trials. The most common routes for neurological treatments are via IT and IV injection, which account for 76% of the trials.

![Mesenchymal stem cell (MSC) clinical trials by disease category subdivided by phase. The 14 disease categories shown account for \>90% of the trials in our database. The remaining trials were defined as other](SCT3-9-17-g004){#sct312610-fig-0004}

The second most common condition for MSC trials is "Joint" diseases including 66 for osteoarthritis, accounting for 47% of these trials; 13 for disc disease, 12 for rheumatoid arthritis, 11 for femoral head necrosis, and 9 for rotator cuff tear. Combined with cardiovascular disease (80 trials), these three disease categories account for 42% of all trials.

The relative number of trials compared to the population of affected patients varies widely. There are 76 trials reported for graft vs host disease (GvHD) for an annual patient population of \~30 000, which is the highest ratio we found for the number of trials relative to the patient population (Supplemental Table [S2](#sct312610-supitem-0001){ref-type="supplementary-material"}). The intense focus on GvHD is likely due to the success in treating this disease with MSCs by IV in the clinic,[8](#sct312610-bib-0008){ref-type="ref"} which makes it a validated target for testing treatments with other types of MSCs. ALS also has many trials relative to the patient population probably because of the rapid progression of the disease and lack of any effective treatment. In contrast, sepsis is another condition that is responsive to MSCs acting likely by anti‐inflammatory and immune‐modulatory mechanisms[25](#sct312610-bib-0025){ref-type="ref"}, [26](#sct312610-bib-0026){ref-type="ref"} but there are only 6 trials relative to the large patient population of 1.7 million. The number of trials for other diseases being investigated with MSCs is more commensurate with the number of patients and the estimated markets (Supplemental Table [S2](#sct312610-supitem-0001){ref-type="supplementary-material"}).

3.5. Route for MSC delivery {#sct312610-sec-0013}
---------------------------

Data on the number of trials using different routes for MSC delivery are not readily available from <http://clinicaltrials.gov> and to our knowledge have not been reported systematically. Therefore, we examined each trial record and were able to determine the route of delivery in 84% of trials (Supplemental Table [S1](#sct312610-supitem-0001){ref-type="supplementary-material"}) with the most prevalent groups shown in Figure [5](#sct312610-fig-0005){ref-type="fig"}A. IV injection is the most commonly used method for delivering MSCs to the blood, accounting for 43% of trials with much fewer trials using IA injection. IT is the second most common route and is used primarily for the large number of neurological trials (Figure [4](#sct312610-fig-0004){ref-type="fig"}). Other MSC trials indicate local injections into tissues including IAT, IC, IM, and IO. Several trials indicate the use of MSCs embedded in biological matrices or synthetic materials, and have been designated as implants. The highest proportion of trials advancing to phase 3 are those that use IV, IC, and IO routes.

![Routes of MSC administration in clinical trials subdivided by phases and dosing. A, Trials were divided into the 8 most commonly used routes with the remaining routes defined as other. Intravenous (IV) is by far the largest group. Intra‐cardiac (IC), intra‐articular (IAT), intra‐muscular (IM), intra‐osseous (IO), intra‐thecal (IT), intra‐arterial (IA). Implant includes MSC embedded in biological matrices or synthetic materials. B, Doses of MSC using different routes of administration in clinical trials using Box‐and‐Whisker plot showing the average (dot), median (horizontal line), 10th to 90th percentile whiskers, and 25th to 75th percentile boxes (\**P* \< .05, \*\**P* \< .02, \*\*\*\**P* \< .005). C, Disorders are divided by frequencies of different routes of MSC delivery](SCT3-9-17-g005){#sct312610-fig-0005}

3.6. MSC dose {#sct312610-sec-0014}
-------------

The most difficult data to extract from the records at <http://ClinicalTrials.gov> was the dose, which we were able to find in only 53% of the trials (Supplemental Table [S1](#sct312610-supitem-0001){ref-type="supplementary-material"}). The IV route has the highest average MSC dose (Figure [5](#sct312610-fig-0005){ref-type="fig"}B). Although IV is the least invasive method, most MSCs get trapped on first pass through the lungs,[27](#sct312610-bib-0027){ref-type="ref"} which may justify the use of very high doses. IA injection allows MSC uptake in tissues before reaching the lungs and trials by this route have significantly lower average doses in a narrower range than IV. IT and IM doses also ranged widely whereas IO and IAT doses are lower and in a narrower range (Figure [5](#sct312610-fig-0005){ref-type="fig"}B). The significant differences between doses for IV and IT, and IAT routes reflect the relatively low and narrow dose range for the latter.

Next, we determined which routes of delivery are indicated for various disorders (Figure [5](#sct312610-fig-0005){ref-type="fig"}C). The IV route is most prevalent in general and was most prevalent for disorders including neurological, GvHD, pulmonary, IBD, liver, diabetes, skin, and kidney. Other routes of delivery most frequently matched their tissue targets, for example, IAT for joint, IC for cardiovascular, and IM for muscle. Implants were most frequent for bone. The exception was that IT was not the most prevalent for neurological, perhaps because it is more invasive than IV.

3.7. Analysis of MSC dose‐response in clinical trials {#sct312610-sec-0015}
-----------------------------------------------------

Given the wide range of doses (Figure [5](#sct312610-fig-0005){ref-type="fig"}B), we sought to determine whether there are optimal dose ranges for MSC treatment. Therefore, we selected individual trials that reported efficacy for multiple doses of the same cells, which enables direct comparison of doses without variability in cells and protocols used. This yielded 28 trials, all reporting safety, including nine phase 1 trials. Among the other 19 that indicated a phase 2 or 3 component in <http://clinicaltrials.gov> only 9 reported at least one dose that was significantly effective for an outcome measure and another dose that was less effective for at least one outcome measure. These included two groups, one with four trials for IV injection of MSCs and the second group of three using IAT injection. In the IV group (Table [1](#sct312610-tbl-0001){ref-type="table"}A) two trials were performed by Mesoblast, presumably with comparable MSCs. In the NCT01576328 type 2 diabetes single blind trial, three doses were tested and only the highest dose of 140 million cells/patient yielded significant reduction in the clinical target HbA1c.[28](#sct312610-bib-0028){ref-type="ref"} In the NCT01843387 diabetic neuropathy double blind trial, a dose of 150 million, but not of 300 million MSCs, significantly improved estimated glomerular filtration rate (eGFR) at week 12 within a subgroup with higher baseline eGFR.[29](#sct312610-bib-0029){ref-type="ref"} In the NCT02065245 trial for aging, a dose of 100 million cells, but not doses of 20 or 200 million MSCs, significantly increased the 6 minute walk time and improved the physical component of the SF‐36 quality of life assessment both at 3 and 6 months.[30](#sct312610-bib-0030){ref-type="ref"} In the NCT01525667 hip arthroplasty randomized, double blind, and placebo‐controlled trial, doses of 150 million, but not of 300 million, placenta‐derived MSCs significantly improved gluteus medius strength and weight at 26 weeks.[31](#sct312610-bib-0031){ref-type="ref"} These dose‐response trials for efficacy have relatively small numbers of subjects (5‐15/group) and were not powered for significance (Table [1](#sct312610-tbl-0001){ref-type="table"}A). Nevertheless, the combined results suggest a minimal effective dose (MED) range between 100 and 150 million cells, whereas doses of 70 million or lower and doses of 200 million or higher were less or not effective.

###### 

Doses of cells (in millions) for trials reporting data after IV administration of MSC. A, Individual trials testing multiple doses with at least one effective dose and at least another dose that is less effective in an outcome measure. The consensus range for the MEDs is 100--150 million cells/patient. The last column, Outcomes, includes the disease condition, with number of subjects. B, Same as in (A) for single dose trials except there is a column for safety; no data on efficacy was reported for the dose of 400 (6 patients)

  A                      Dose‐response effects   Outcomes                                                                                
  ---------------------- ----------------------- ---------- --------------------------------------------- ----- ------------------ ----- ---------------------------------------------------------------------------------------------------------------------------------------------
  Mesoblast (BM)         NCT01576328             21, 70     140[a](#sct312610-note-0003){ref-type="fn"}         09 April 2012      1/2   Type 2 diabetes (15/15/15/16); SIG reduced HbA1c at week 8, 12 vs Placebo[28](#sct312610-bib-0028){ref-type="ref"}
  Mesoblast (BM)         NCT01843387                        150                                           300   23 April 2013      1/2   Diabetic nephropathy (10/10/10) SIG improved eGFR at week 12 in subgroup with higher baseline eGFR[29](#sct312610-bib-0029){ref-type="ref"}
  Longeveron (BM)        NCT02065245             20         100                                           200   14 February 2014   1/2   Aging frailty (5/5/5); SIG increased 6MWT at 3 and 6 m and SF‐36 physical assessment at 1‐6 m[30](#sct312610-bib-0030){ref-type="ref"}
  Pluristem (placenta)   NCT01525667                        150                                           300   31 January 2012    1/2   Hip arthroplasty (7/6/7) SIG improved gluteus medius strength and weight at 26 weeks[31](#sct312610-bib-0031){ref-type="ref"}
  Multiple dose range    20‐70                   100‐150    200‐300                                                                      

+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| B                             | Single dose effects |     |                                                                                             |                                                      |                  |     |                                                                                                                                                                                                                                |
+:==============================+:====================+:====+:============================================================================================+:=====================================================+:=================+:====+:===============================================================================================================================================================================================================================+
| Athersys (BM)                 | NCT01436487         | 400 | 1200                                                                                        |                                                      | 14 November 2010 | 2   | Ischemic stroke (65/61) not improved SIG at 90 days, SIG improvement at 1 year[33](#sct312610-bib-0033){ref-type="ref"}                                                                                                        |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Athersys (BM)                 | NCT01240915         | 300 | None                                                                                        | 300‐750                                              | 15 November 2010 | 2   | Ulcerative Colitis (105) No effect (9 dose combinations see NCT01240915)[45](#sct312610-bib-0045){ref-type="ref"}                                                                                                              |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Athersys (BM)                 | NCT02611609         | Yes | 900                                                                                         |                                                      | 23 November 2015 | 2   | Acute Respiratory Distress Syndrome (36) Higher ICU‐free days, lower mortality than controls[34](#sct312610-bib-0034){ref-type="ref"}                                                                                          |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Celgene (placenta)            | NCT01155362         | Yes | 2× 150                                                                                      |                                                      | 01 July 2010     | 1/2 | Crohn\'s disease[b](#sct312610-note-0004){ref-type="fn"} (15/13/16) SIG improved CDAI with both doses,[32](#sct312610-bib-0032){ref-type="ref"} no less effective dose as in Table [1](#sct312610-tbl-0001){ref-type="table"}A |
|                               |                     |     |                                                                                             |                                                      |                  |     |                                                                                                                                                                                                                                |
|                               |                     |     | 2× 600 {7 days}                                                                             |                                                      |                  |     |                                                                                                                                                                                                                                |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| U. of Cambridge (BM)          | NCT00395200         | Yes | 112[a](#sct312610-note-0003){ref-type="fn"}                                                 |                                                      | 01 November 2006 | 2a  | Secondary progressive multiple sclerosis (10) SIG improved visual acuity[55](#sct312610-bib-0055){ref-type="ref"}                                                                                                              |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| U. of Liege (BM)              | NCT00504803         | Yes | 2× 100[a](#sct312610-note-0003){ref-type="fn"} ^,^ [c](#sct312610-note-0005){ref-type="fn"} |                                                      | 19 July 2007     | 2   | GvHD (20/16) SIG improved survival, co‐inject as preventive[56](#sct312610-bib-0056){ref-type="ref"}                                                                                                                           |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Fuzhou gen hospital (BM)      | NCT00658073         | Yes | 2× 105[a](#sct312610-note-0003){ref-type="fn"} {14 days}                                    |                                                      | 08 April 2008    | NA  | Kidney allografts rejection (53/53/51), SIG improved early renal function recovery and decreased infections[57](#sct312610-bib-0057){ref-type="ref"}                                                                           |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Osiris (BM)                   | NCT00683722         | Yes |                                                                                             | 4× 100[d](#sct312610-note-0006){ref-type="fn"} {1 m} | 21 May 2008      | 2   | COPD (19/27) no functional improvement[58](#sct312610-bib-0058){ref-type="ref"}                                                                                                                                                |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Nanjing U. (UC)               | NCT00953485         | Yes | 70                                                                                          |                                                      | 04 August 2009   | 1/2 | Sjögren\'s Syndrome (20) SIG suppress disease activity[59](#sct312610-bib-0059){ref-type="ref"}                                                                                                                                |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Nanjing U. (UC)               | NCT00962923         | Yes | 70                                                                                          |                                                      | 19 August 2009   | 1/2 | Systemic Sclerosis (14) SIG reduced Mean modified Rodnan skin score[60](#sct312610-bib-0060){ref-type="ref"}                                                                                                                   |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Uppsala U. (BM)               | NCT01068951         | Yes | 190[a](#sct312610-note-0003){ref-type="fn"}                                                 |                                                      | 16 February 2010 | NA  | Type 1 Diabetes (20) SIG improved residual ß‐cell function[61](#sct312610-bib-0061){ref-type="ref"}                                                                                                                            |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Queen Elizabeth Hospital (BM) | NCT01090817         | Yes | 4× 140[a](#sct312610-note-0003){ref-type="fn"} {7 days}                                     |                                                      | 22 March 2010    | 2   | Crohn\'s Disease (15) SIG reduced Active luminal CD score[62](#sct312610-bib-0062){ref-type="ref"}                                                                                                                             |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| CardioCell LLC (BM)           | NCT02467387         | Yes | 105[a](#sct312610-note-0003){ref-type="fn"}                                                 |                                                      | 02 June 2015     | 2   | Non‐ischemic heart failure (10/12) SIG improvements in health status and functional capacity[63](#sct312610-bib-0063){ref-type="ref"}                                                                                          |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Mesoblast (BM)                | NCT02336230         | Yes | 8× 140 {3.5 days}                                                                           |                                                      | January 2015     | 3   | Acute GVHD[b](#sct312610-note-0004){ref-type="fn"} (53) SIG improved day 28 overall response[8](#sct312610-bib-0008){ref-type="ref"}                                                                                           |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Minimal effective dose range  | 70‐190              |     |                                                                                             |                                                      |                  |     |                                                                                                                                                                                                                                |
+-------------------------------+---------------------+-----+---------------------------------------------------------------------------------------------+------------------------------------------------------+------------------+-----+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+

For multiple doses at different times, × indicates the number of doses, and {} indicate the interval between doses.

Total doses were calculated from doses indicated in cells/kg using an adult weight of 70 k.

Met primary clinical trial outcome.

Frederic Baron---personal communication.

Early trial by Osiris (NCT00683722) did show efficacy but subsequent trials by Mesoblast (NCT01576328, NCT01843387, NCT02336230) that acquired Osirus technology showed efficacy.

Abbreviations: 6MWT, 6 minute walk time; CDAI, Crohn\'s disease activity index; COPD, chronic obstructive pulmonary disease; d, days; eGFR, estimated glomerular filtration rate; ICU, intensive care unit; m, month; NA, not available; SIG, significant outcomes.

To test further whether this is a meaningful range of doses, we examined other trials that reported improved outcomes using IV doses and found 12 reporting doses ranging from 70 to 1200 million cells/patient with 10 ranging from 70 to 190 million cells (Table [1](#sct312610-tbl-0001){ref-type="table"}B). In one of these, efficacy was reported at both 150 and 600 million cells/patient in a trial for Crohn\'s disease, and we consider the MED to be 150 million cells/patient (Table [1](#sct312610-tbl-0001){ref-type="table"}B) but additional doses need to be tested as noted by the authors.[32](#sct312610-bib-0032){ref-type="ref"} An early trial in 2008 by Osiris (NCT00683722) that used 100 million MSCs/patient did not yield significant improvement, however, subsequent trials by Mesoblast that acquired Osirus technology showed efficacy and their MSCs are being used clinically[8](#sct312610-bib-0008){ref-type="ref"} with twice as many doses delivered at much shorter intervals of \~3.5 days vs 1 month for the Osiris trial (Table [1](#sct312610-tbl-0001){ref-type="table"}B). Thus, the relevance of the Osiris trial is questionable, and it has been excluded from the dose analysis.

Three phase 2 clinical trials were conducted with MultiStem and all reported safety with IV doses ranging from 300 to 1200 million cells/patient. In a phase 2 double blind trial (NCT01436487) for ischemic stroke, a dose of 1200 million MultiStem cells/patient did not show significance for their primary outcome measured at day 90 but yielded significant improvement at day 365 in post hoc analysis for excellent outcome in a subgroup treated at \<36 hours[33](#sct312610-bib-0033){ref-type="ref"}; a large phase 3 trial is underway for this outcome measure with a bolus dose of 1200 million cells/patient (NCT03545607). In a phase 2 trial for ulcerative colitis (NCT01240915), doses from 300 to 750 million cells/patient failed to show efficacy (Table [1](#sct312610-tbl-0001){ref-type="table"}B). A recent double‐blind trial for acute respiratory distress syndrome (NCT02611609) using 900 million MSCs/patient reported higher intensive care unit‐free days and lower mortality than controls; with these encouraging results they have fast track designation from the FDA.[34](#sct312610-bib-0034){ref-type="ref"} Thus, the IV MED for Multistem may be as high as 900 million MSCs/patient given that the 750 million dose was not effective (Table [1](#sct312610-tbl-0001){ref-type="table"}B). It will be interesting to determine the MED for Multistem in a single dose escalation trial.

Besides the Multistem trials, we did not find reports of MEDs that were higher than 190 million or efficacy with doses lower than 70 million cells/patient, suggesting that MSCs may not have been effective at lower doses. The absence of such data may be due, in part, to reluctance to publish negative results. 58% of trial doses fall within the range of 70‐190 million cells/patient but 20% are lower and may be below an effective threshold, whereas 22% are higher (Figure [5](#sct312610-fig-0005){ref-type="fig"}B) and may not be optimal doses.

Another group of three phase 2 trials showed MSC dose effects after IAT injection, the major route for joint diseases. The MED range for these trials was 50‐100 million cells/patient with doses of 10 and 150 million cells/patient not being effective.[35](#sct312610-bib-0035){ref-type="ref"}, [36](#sct312610-bib-0036){ref-type="ref"}, [37](#sct312610-bib-0037){ref-type="ref"} The MED range for IAT is lower than that for IV delivery, probably because treatment within a small compartment requires fewer cells than the wider distribution of MSCs in the body with rapid loss after IV injection. Thus, IAT is a second route of delivery where a MED has been detected. There are insufficient data to do similar analyses for other routes of delivery.

4. DISCUSSION {#sct312610-sec-0016}
=============

We performed a comprehensive analysis of MSCs that are being developed for therapeutics using 914 trials from <http://clinicltrials.gov> (Supplemental Table [S1](#sct312610-supitem-0001){ref-type="supplementary-material"}). A recent review of "MSC‐based trials" that collected data on June 30, 2015[6](#sct312610-bib-0006){ref-type="ref"} classified 493 trials by their clinical phases, disease indications, and the status of the trials; however, the exact term(s) used for their search are not clear. In any case, we found similarities to their conclusions using our larger database, confirming that the three most prevalent disease indications for MSC trials continue to be neurological, bone and joint, and cardiovascular disease, and that the majority of trials included a phase 2 component. A novelty of our study is detailed analysis of routes of MSC delivery and dosing, which showed a wide range of doses being investigated, but only a relatively narrow range of doses were reported to be effective for IV and IAT. When more data becomes available it will be possible to address the issue that different diseases may respond better to particular dose ranges.

Our results confirm previous trends showing an increasing number of trial registrations between 2004 and 2011[38](#sct312610-bib-0038){ref-type="ref"} with the majority of MSC trials including phase 2 components but there are relatively few phase 3 trials (Figure [1](#sct312610-fig-0001){ref-type="fig"}).[6](#sct312610-bib-0006){ref-type="ref"}, [8](#sct312610-bib-0008){ref-type="ref"} The number of new trials has plateaued in recent years and it remains to be seen whether the dramatic decrease in 2018 represents a new trend. It is remarkable that only three clinical approvals have been given so far, considering the large numbers of trials that have been conducted. First, Mesoblast received conditional approval to treat GvHD in Japan for an allogenic BM‐derived MSC product, Remestemcel‐L,[8](#sct312610-bib-0008){ref-type="ref"} with an extrapolated IV dose for an adult of 140 million cells, which is within the MED range that we determined (Table [1](#sct312610-tbl-0001){ref-type="table"}). Second, the European Commission approved in 2018 an allogenic MSC product, Alofisel, for the treatment of complex perianal fistula[39](#sct312610-bib-0039){ref-type="ref"} with a local dose of 120 million cells, which is close to the average doses found for injection into soft tissues (IC and IM, Figure [5](#sct312610-fig-0005){ref-type="fig"}B). Third, Japan\'s Pharmaceuticals and Medical Devices Agency has given approval for the use of an autologous BM‐derived MSC product, Stemirac, for the treatment of sub‐acute SCI[40](#sct312610-bib-0040){ref-type="ref"} using a broad range of IT doses from 50 to 200 million cells, which may yield a MED within this range. Cell manufacturing by companies provide banks of allogenic MSCs to facilitate storage and transport for clinical use.

A recent review discusses challenges with MSC clinical trials including variabilities among the large number of disease categories, different routes of delivery, range of doses, and types of MSCs being used. They suggest that the low success rate in meeting primary outcomes underscores the need for new designs to improve outcomes.[8](#sct312610-bib-0008){ref-type="ref"} To minimize variability, we focused on the IV route because it is the largest group of trials, the least invasive, the most technically simple, and the most reproducible method. However, after IV injection, the vast majority of MSCs get trapped primarily in the lungs, and it has been suggested that MSCs act systemically to modulate inflammation, at least in part, by secreting modulatory factors[41](#sct312610-bib-0041){ref-type="ref"} and exosomes.[42](#sct312610-bib-0042){ref-type="ref"} IA is another route to the blood that allows MSC uptake into tissues before reaching the lungs[41](#sct312610-bib-0041){ref-type="ref"}, [43](#sct312610-bib-0043){ref-type="ref"} and this provides a rationale for the 2.8‐fold lower median doses indicated for IA vs IV administration (Figure [5](#sct312610-fig-0005){ref-type="fig"}B). However, IA is a much more invasive than IV and is used in a small number of trials. The rapid clearance of the vast majority of MSCs from the blood and the body within days makes it difficult to discern the mechanism(s) responsible for prolonged effects of MSCs.[6](#sct312610-bib-0006){ref-type="ref"}, [7](#sct312610-bib-0007){ref-type="ref"}, [8](#sct312610-bib-0008){ref-type="ref"}, [44](#sct312610-bib-0044){ref-type="ref"}

Considering the rapid disappearance of MSCs delivered by IV, we suggest that repeated injections of MEDs of MSCs at intervals,[41](#sct312610-bib-0041){ref-type="ref"} extends what would otherwise be a short‐term into a longer‐term effect and is not equivalent to the same total aggregate dose given as a single bolus injection. This is particularly important in cases where a bolus dose (eg, of 1200 million cells, or 17 million cells/kg), which did not meet a primary outcome measure, may not be as effective as the same total dose injected as multiple smaller doses fractionated over time (eg, 8 × 2 million cells/kg, Supplemental Table [S3](#sct312610-supitem-0001){ref-type="supplementary-material"}). No single trial has compared the efficacy of the same total dose as a bolus vs multiple doses fractionated over time to test whether the latter method is more effective.

To investigate optimal MSC dosing, we focused on individual trials that reported at least one effective and one less effective dose to avoid variability in comparisons among different trials. Four trials suggested a MED range between 100 and 150 million cells, whereas doses of 70 million or lower were ineffective and doses of 200 million were less effective. In 10 of 12 single dose trials, effective IV doses ranged from 70 to 190 million MSC (Table [1](#sct312610-tbl-0001){ref-type="table"}B). In 20% of IV trials, doses are \<70 million cells, but we did not find efficacy reported in this group. However, three trials reported non‐significant or weaker effects at higher doses of 200[30](#sct312610-bib-0030){ref-type="ref"} and 300 million cells,[29](#sct312610-bib-0029){ref-type="ref"}, [32](#sct312610-bib-0032){ref-type="ref"} suggesting an inverted U‐shaped dose‐response curve with sub‐threshold and less effective higher doses relative to a MED. Doses of 200 million cells or higher are indicated for 22% of the trials and some are expected to be suboptimal.

Two MSC trials used the Crohn\'s disease activity index (CDAI) showed efficacy with 140 (NCT01090817)[28](#sct312610-bib-0028){ref-type="ref"} and 150 (NCT01155362) million cells/patient/dose[32](#sct312610-bib-0032){ref-type="ref"} suggesting this represents a tentative MED of \~ 150 million cells. However, a third trial a dose of 750 million Multistem/patient/dose (NCT01240915)[45](#sct312610-bib-0045){ref-type="ref"} was not effective suggesting that it might be too high. Alternatively, the Multistem dose of 750 million may be subthreshold compared to effective doses of 900‐1200 million cells (Table [1](#sct312610-tbl-0001){ref-type="table"}B) but this is based on comparisons among three different trials. A single dose‐response trial for Multistem may reveal whether these cells have several fold higher MEDs than all other BM derived MSC (Table [1](#sct312610-tbl-0001){ref-type="table"}).

5. FUTURE DIRECTIONS FOR MSC THERAPY {#sct312610-sec-0017}
====================================

This analysis presumed that different MSCs have comparable efficacies after IV administration, but we have already found differences in efficacy even among MSCs derived from BM prepared by different methods[46](#sct312610-bib-0046){ref-type="ref"} (Table [1](#sct312610-tbl-0001){ref-type="table"}). Differences in MSC treatment protocols, therapeutic targets, sources of MSCs, manufacturing protocols, routes of delivery and dosing needs improved standardization for better comparisons of results among related clinical trials.[47](#sct312610-bib-0047){ref-type="ref"} Nevertheless, in 14 of 16 MSC trials effective IV doses ranged from 70 to 190 million cells/patient/dose suggesting many MSC act with comparable efficacy by common mechanisms involving factor secretion and contact‐mediated immune cell modulation in many different inflammatory conditions (Table [1](#sct312610-tbl-0001){ref-type="table"}). Moreover, in four of these trials the MEDs are in a narrower range of 100‐150 million cells/patient. Higher doses that are less effective may provide too much immune modulation. More trials need to determine whether MEDs are similar for various types of MSCs for delivery by IV and other routes.

Although measurement of MEDs may slow early phase clinical trial progress and increase early costs, it may yield improved treatment protocols that will reduce long‐term costs (Supplemental Table [S2](#sct312610-supitem-0001){ref-type="supplementary-material"}) by determining more effective doses before starting larger trials.[8](#sct312610-bib-0008){ref-type="ref"} The time period after MSC delivery at which efficacy wanes may represent when additional doses should be delivered to prolong effects. The success in the clinic of multiple administrations of remestemcel‐L (Mesoblast) at relatively short intervals of \~3.5 days demonstrates feasibility for this approach for IV delivery. Whereas GvHD may be a validated target for comparing MEDs for different MSCs, there is a disproportionate number of GvHD trials considering a relatively small patient population (Supplemental Table [S2](#sct312610-supitem-0001){ref-type="supplementary-material"}).

New approaches are needed to understand better MSC mechanisms of action in vivo.[47](#sct312610-bib-0047){ref-type="ref"} For example, secretory functions of MSC have been demonstrated using encapsulation, which restrict cells within the capsule and allows exchange of factors, while preventing cell‐cell interactions with the host.[48](#sct312610-bib-0048){ref-type="ref"} Encapsulated MSCs respond to pro‐inflammatory factors by paracrine mechanisms whereby secreted cytokines upregulate key anti‐inflammatory factors (eg, PGE2) and downregulate pro‐inflammatory cytokines in activated macrophages (eg, TNF‐α).[49](#sct312610-bib-0049){ref-type="ref"} This is likely to be a major factor in locomotor recovery from spinal cord injury after IT injection of encapsulated MSC, which reduced the number of activated macrophages, increased the number of M2 anti‐inflammatory macrophages, and preservation of white matter around the injury site at distances of \>1 cm from where the encapsulated MSC are located.[50](#sct312610-bib-0050){ref-type="ref"}, [51](#sct312610-bib-0051){ref-type="ref"} Attachment to the heart of encapsulated MSCs in a patch promoted recovery after myocardial infarction by a paracrine mechanism.[52](#sct312610-bib-0052){ref-type="ref"} Encapsulated MSCs have been transplanted into hematomas in the human brain demonstrating clinical feasibility.[53](#sct312610-bib-0053){ref-type="ref"} Moreover, capsules have be recovered after transplantation[51](#sct312610-bib-0051){ref-type="ref"}, [53](#sct312610-bib-0053){ref-type="ref"}, [54](#sct312610-bib-0054){ref-type="ref"} and cytokine secretion levels from the cells have been measured, which is not feasible with free MSCs injected by IV. Thus, encapsulated MSCs function via a paracrine mechanism in vivo without contributions from contact with host cells. Long‐term survival of MSCs in the capsules should enable sustained and extended release of soluble factors that would be particularly advantageous for chronic diseases.

6. CONCLUSION {#sct312610-sec-0018}
=============

The number of new reported phase 1 and 2 MSC clinical trials expanded consistently from 2006 to 2012 but have plateaued since and decreased in 2018. Although it is difficult to explain this pattern, it may be due to limited success in achieving outcome measures for efficacy. Improved trial designs are needed because heterogeneity in many trial parameters makes systematic analysis difficult.[8](#sct312610-bib-0008){ref-type="ref"} A critical factor that can be controlled is cell dosing, but doses were reported in only 53% of trials listed at <http://clinicaltrials.gov>. Many trials indicate doses of \<70 million MSC/patient, which may be below the threshold for efficacy. IV MSC dose escalation safety trials should also be designed to measure initial MEDs before moving to trials with large numbers of subjects. The MEDs determined here suggest that IV MSC doses to be tested such as \~75 million MSC/patient for a low dose, \~150 million MSC/patient for an expected effective dose, and a higher dose of \~300 million MSC/patient, would identify MEDs for several types of MSC in a wide range of inflammatory disorders for several types of MSCs (Table [1](#sct312610-tbl-0001){ref-type="table"}). Identification of MEDs for different routes of delivery is likely to decrease long‐term costs of clinical trials with large numbers of subjects by focusing on the most effective doses. Increased reporting of clinical trial results, especially negative results, which are rarely published, will help avoid potentially non‐effective doses and reduce unnecessary duplication of clinical trials.
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**Supplemental Table 1.** Database of MSC clinical trials

**Supplemental Table 2.** Numbers of trials for several major conditions including numbers of patients in USA and annual cost to treat each group of patients/year. Sources for data are listed in the columns on the right.

**Supplemental Table 3.** Comparison of two trials using IV delivery of bone marrow derived MSC with similar total doses/kg but using different schedules of delivery. Multistem was administered as a bolus dose of \~17 million cells/Kg calculated from a total dose of 1,200 million cells using an adult weight of 70 Kg. Mesenchymal precursor cells (MPC) were injected 8 times at intervals of \~3.5 days with 2 million cells/Kg; this protocol is being used in the clinic. Additional details for these trials are found in Table 1.
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Click here for additional data file.

###### 

**Supplemental Figure 1** Numbers of clinical trials using MSC registered in different countries. The numbers of trials registered by organizations were counted for each country and shown for the phases of the trials.
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Click here for additional data file.

###### 

**Supplemental Figure 2** Companies involved in clinical trials with MSC. All trials involving participation of companies were selected from our database and the number of trials were counted for each company. The total numbers of trials using different sources of MSC were calculated. This data set is the same shown as numbers of new trials registered in each year in Figure 3B and represents 32% of all trials.
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